Objectives-This study investigated the potential of a clinical decision support approach for the classification of metastatic and tumor-free cervical lymph nodes (LNs) in papillary thyroid carcinoma on the basis of radiologic and textural analysis through ultrasound (US) imaging.
2013
. 1 This increase was primarily a result of an increase in papillary thyroid carcinoma (PTC), the most common malignancy in thyroid cancer, representing approximately 90% of all thyroid malignancies. 2, 3 Papillary thyroid carcinoma is the most common histologic type of differentiated thyroid cancer and is characterized by metastasis to the cervical lymph nodes (LNs). Lymph node metastasis occurs in approximately 30% to 90% of PTCs. 4 Thyroid ultrasound (US) imaging of cervical LNs has been recommended by the American Thyroid Association for patients with known or suspected thyroid nodules before they undergo a thyroidectomy. 5 As a popular technique, US imaging provides the benefits of inexpensive and convenient radiation-free monitoring by real-time scanning. Normal and metastatic LNs have different structures. Differences include their shape, margin, echogenicity, loss of normal architecture, cystic changes, and calcification. Each of these features is qualitatively determined by a radiologist, who can classify tumor-free and metastatic cervical LNs within a wide range of sensitivity (5%-87%) and specificity (43%-100%). [5] [6] [7] [8] [9] These changes can affect the texture of a US image. Therefore, it is desirable to propose auxiliary quantitative parameters to help radiologists in the diagnostic process. A US image comprises diverse gray-level intensities, and different tissues have different textures. Although there is no precise or mathematical definition of texture, it is simply conceived by the human eye. Image texture can be described by various patterns: coarse, fine, smooth, or spatial variations in the pixel intensity of objects within an image. Structural abnormalities in a US image can be extracted by visual inspection, but complex patterns are difficult to interpret. 10, 11 Alternatively, a fine-needle aspiration (FNA) biopsy provides the best way to confirm LN involvement, with overall precision of higher than 94%, but it is invasive with a risk of infection, in addition to being time-consuming and expensive. 12 To avoid unnecessary biopsy, assuage anxiety, and increase diagnostic confidence, computerized texture analysis has been developed. Computerized texture analysis is a mathematical technique that detects pathologic changes that cannot be perceived by the human eye on conventional US imaging. Many quantitative features such as morphologic, [13] [14] [15] textural, [16] [17] [18] contrast based, 19, 20 and elastographic 15, [20] [21] [22] [23] have been shown to be useful for differentiating between benign and malignant LNs.
This study aimed at introducing a clinical decision support system using textural and radiologic features to distinguish metastatic LNs in patients with PTC based on US images. In this study, the classification of tumor-free (benign) and metastatic (malignant) LNs was based on the changes to US features.
Materials and Methods

Patients and Image Acquisition
Ultrasound images of 340 patients with 170 tumor-free and 170 metastatic cervical LNs proven by FNA were used in this retrospective study. All of the patients had previously undergone total thyroidectomy for PTC. The US inclusion criteria for LN biopsy in the study were as follows: irregular cystic changes, microcalcified LNs, a length of greater than 5 mm in the short-axis diameter, a round shape (long-to-short axial diameter ratio <1.5), loss of the fatty echogenic hilum, and LNs with focal or diffuse hyperechoic spots. Any patients with nondiagnostic biopsy results, such as those who had refused repeated FNA, atypical/inconclusive FNA biopsies, previous irradiations of the head and neck, or oncologic surgery were excluded from the study. Each patient provided written informed consent, and a local ethics committee approval was obtained for this study.
Neck US examinations were performed on these patients as routine evaluations. The largest cervical LNs, which could most possibly show malignancy, were selected. To include or exclude involvement, an FNA cytologic analysis was performed. The patients whose FNA results could not be diagnostic or were atypical/ inconclusive were excluded from the study.
All of the FNAs were performed under US guidance after US images of the target LN were obtained. An Accuvix V20 US system (Samsung Medison, Seoul, Korea) equipped with a 5-13-MHz linear array transducer (L5-13IS) was used to conduct a US examination of the cervical triangle. The evaluation of all of the LNs detected in the longitudinal and transverse sections was based on the measurement of the largest small diameter and selection of the largest LN for FNA. In our center, LNs with negative FNA results are followed for 6 months, and US examinations are performed every 2 months. For those LNs with no changes in size, shape, and echogenicity, reaspiration is not required, and a negative result is confirmed. For further computer assessment, only a single image with the largest longitudinal section of each node obtained from each patient was applied.
Feature Extraction and Selection
Radiologic Features
To characterize the LNs, 4 B-mode US features were extracted as follows: (1) echogenicity, (2) margin, (3), shape, and (4) microcalcification. Normal LNs usually appear with hypoechogenicity, a well-defined and regular margin, an elliptical shape, and no microcalcification. [5] [6] [7] In this regard, echogenicity is classified as hypoechogenicity and hyperechogenicity (or heteroechogenicity). Lymph node borders are rated as having well-defined (or regular) and blurred (or microlobulated/irregular) patterns. To define the morphologic features and shapes of the LNs, the aspect ratios of the nodes were measured and defined as the ratio of the short-axis diameter to the long-axis diameter. A short-axis diameter is defined as the perpendicular distance corresponding to a long-axis diameter. Low and high aspect ratios correspond to round and elliptical shapes, respectively. All of the radiologic features were compared with FNA cytologic results and the references for the statistical analysis.
Textural Features
In our previous studies, we showed that the wavelet values for a texture analysis were higher than those of other textural features. 24 Hence, a discrete wavelet transform was used to extract the wavelet features from each node for further analysis and classification. A wavelet is involved in a multiresolution approach to texture analysis based on the spatial and frequency domains capable of decomposing the signals of an image into successive levels via the two frequency channels of high-pass (H) and low-pass (L) filters. Therefore, the outputs are the approximations of a sub-band image (LL) and a set of detailed sub-band images (HH, HL, and LH) at different resolution scales and orientations. All of the wavelet features were compared with FNA cytologic results and the references for the statistical analysis.
Statistical Analysis and Classification
The Kolmogorov-Smirnov test was applied to test the normality of the quantitative data. The 2-tailed independent-samples t test and Mann-Whitney U test were used to compare the quantitative features of the metastatic and tumor-free LNs. To assess the distributions of the radiologic features between the groups, the v 2 and
Fisher exact tests were used. P < .05 was considered significant. All of the significant features were used for classification using a support vector machine (SVM), which is an interesting and powerful supervised approach to data classification and modeling. It defines an optimal hyperplane with a maximum margin by using the labeled training data and support vectors from the feature space. In this condition, new data can be categorized according to the hyperplane. 25 A 10-fold cross-validation method is used to build a model. Hence, any feature parameters are randomly divided into 10 folds (9 folds for training and 1 fold for testing the data). This procedure is continued while all of the folds are used for testing. In this research, the SVM was separately applied to the 3 sets of feature groups (ie, radiologic features, textural features, and both radiologic and textural features) for comparing the classification performances. Of the 340 patients, 280 (140 tumor free and 140 with metastatic cervical LNs) were randomly selected for training, and the other 60 patients (30 tumor free and 30 with metastatic cervical LNs) were taken as the new and blind data for testing the final model.
The 5 well-known indices of accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated to compare the diagnostic performances. In this investigation, the metastatic and tumor-free LNs were considered positive and negative cases, respectively. Also, to assess the overall performance of the proposed approach, an ROC curve analysis was conducted, and the area under the curve (AUC) was computed. SPSS version 19 statistical software for Windows (IBM Corporation, Armonk, NY) was used to perform the statistical analysis, the AUC values of which were estimated to be beyond a confidence level of 95%. Figure 1 represents the steps taken for the process of the proposed analysis.
Results
Distributions of Radiologic and Textural Features in the Groups
In this study, 4 radiologic and 4 textural features were used to compare the differences between the groups. The patients' radiologic and textural features are summarized in Tables 1 and 2 , respectively.
The aspect ratio of the tumor-free LNs was higher than that of the metastatic LNs, and the difference was statistically significant (mean 6 SD, 2.84 6 1.14 versus 01.24 6 0.37; P < .001). Hypoechogenicity was present in 169 (60.36%) of 280 LNs. Of these, 106 LNs (62.72%) were found to have negative FNA results. Of 111 LNs that did not have a hypoechogenic appearance, 77 (69.37%) were observed to be metastatic on the FNA. Hence, hypoechogenicity was generally more common in tumor-free LNs, and this difference was statistically significant (P < .001). The presence of microcalcification was more frequent in the metastatic LNs. In other words, all of the LNs that were had microcalcification were metastatic. In addition, of 197 LNs that showed no microcalcification, 140 (71.06%) were tumor free on the FNA. The presence of microcalcification was more common in the metastatic LNs, and this difference was statistically significant (P < .001). In addition, a well-defined margin was present in 218 of 280 LNs. Of 140 tumor-free LNs, 137 (97.86%) were seen to have a well-defined margin. Also, of 62 LNs with blurred margins, 59 (95.16%) were discovered to be associated with positive FNA results. Thus, well-defined margins were more frequently present in the tumor-free LNs, and the difference was statistically significant (P < .001).
From all of the wavelet features, 4 features were significantly different between the tumor-free and metastatic LNs. In this case, the "low-high" energy components in the second, third, fourth, and fifth levels of the wavelet decomposition (WavEnLH_s-2, WavEnLH_s-3, WavEnLH_s-4, and WavEnLH_s-5) were significant features. The mean values of all 4 wavelet features in the tumor-free LNs were higher than those in the metastatic LNs (P < .001).
Performance Classification Between the Tumor-Free and Metastatic LNs The significant features of the groups underwent a multiparameter analysis using the SVM. Scatterplots of the quantitative features (4 wavelets and 1 aspect ratio) are displayed in Figure 2 . Table 3 portrays the diagnostic performance of the SVM for classifying the tumor-free and metastatic LNs and providing a comparison between them based on each class of feature and a Figure 3 shows the receiver operating characteristic curves of the SVM model for each feature group on the same graph to compare the discriminating power of the classification. Considering the feature classes, the radiologic features led to an AUC of 0.964, which corresponded to sensitivity, specificity, and accuracy of 95.71%, 94.28%, and 95.00% in the classification of tumor-free and metastatic LNs, respectively. The textural features could distinguish tumor-free from metastatic LNs with an AUC of 0.922, corresponding to sensitivity, specificity, and accuracy of 93.57%, 92.14%, and 92.85%. The combination of the radiologic and textural feature groups had the highest performance: 0.994, 97.14%, 98.57%, and 97.86% in terms of AUC, sensitivity, specificity, and accuracy. After the 10-fold cross-validation test was performed, the final model could classify the 30 tumorfree and 30 metastatic LNs with an AUC of 0.952, corresponding to sensitivity, specificity, and accuracy of 93.33%, 96.66%, and 95.00%. Data are presented as mean 6 SD.
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Discussion
Discriminating between tumor-free and metastatic LNs is one of the most critical factors for improving the accuracy of radiologists' initial diagnoses. The primary objective of this research was to assess the radiologic and textural capabilities, a noninvasive approach to the distinction of variations between metastatic and tumor-free LNs using US imaging. The results of this study have proved the potential of the proposed method for highly accurate differentiation of metastatic and tumor-free LNs.
As shown in Figure 2 , these 5 quantitative parameters alone could separate the LN groups. According to the AUC results, the combined radiologic and textural features led to more discriminative power compared with each feature alone (combined radiologic and textural features versus radiologic features versus textural features, 0.994 versus 0.964 versus 0.922). Thus, it could be concluded that the feature classes were complementary, and their fusion could ameliorate the classification performance. In this research, the best results were extracted from the combined features, with an AUC of 0.994, which corresponded to sensitivity of 97.14%, specificity of 98.57%, and accuracy of 97.86%. The test of the final validated model indicated that this model could classify the tumor-free and metastatic LNs with high performance (AUC, 0.952; sensitivity, 93.33%; specificity, 96.66%; and accuracy: 95%). Although the proposed model indicates promising results, it failed in some new samples. As shown in Figure 4A , an LN with hypoechogenicity and a well-defined, round shape but without calcification or cystic changes was diagnosed as metastatic by the model but was tumor free on FNA. In the opposite way, an LN with hypoechogenicity, a welldefined, oval shape, and an echogenic hilum was diagnosed as tumor free by the model but was metastatic on FNA ( Figure 4B ).
Ultrasound imaging with a variety of useful features for classification, such as elastographic features (representing tissue stiffness) as well as textural and morphologic features, has been used to classify LNs since the last decade. Tissue deformation caused by compression can be displayed by US elastography as a noninvasive technique. 26 Furthermore, benign and malignant LNs have been classified by US elastography in several studies. With shear wave elastography, Zhao et al 21 were able to assess stiffness in cervical LNs after measuring the shear wave velocity on US images. In their classification of benign and malignant cervical LNs, they achieved sensitivity, specificity, and accuracy of 88.60%, 90.20%, and 89.40%, respectively. Ultrasound imaging and shear wave elastography were combined by Park et al 22 for the distinction of benign and malignant (metastatic) cervical LNs in PTC, which resulted in sensitivities, specificities, PPVs, NPVs, and AUCs of 44.6% and 95.8%, 87.1% and 58.4%, 65.9% and 14.0%, 73.8% and 99.5%, and 0.667 and 0.924 for central and lateral LNs. Application of the shear wave velocity by Cheng et al 23 led to measurements of 78.9%, 74.4%, 77%, and 0.855 for sensitivity, specificity, accuracy, and AUC. Moreover, in a study conducted by Acu et al, 27 benign and malignant cervical LNs were classified by the sonoelastographic strain index obtained from US images, with sensitivity of 71.6%, specificity of 76.5%, and accuracy of 75.0%.
Margin irregularity, symmetry, and the surface shape of a tumor are described by morphologic features. In this regard, benign and malignant axillary LNs were classified by Chmielewski et al, 13 who obtained sensitivity and specificity of 90% and an AUC of 0.95 by extracting the morphologic parameters from a normalized signed distance. The scoring system of Yonsei estimated values provided by Jeong et al 14 was found to be useful after achieving sensitivity of 76.3%, specificity of 69.8%, a PPV of 56.7%, and an NPV of 85%, respectively. Also, after the morphologic features were extracted from US images by Desmots et al, 15 the cervical LNs were classified with sensitivity, specificity, a PPV, an NPV, and an AUC of 80%, 94%, 92%, 83%, and 0.885. Benign and which resulted in average rates of 99.10%, 96.43%, and 99.53% accuracy, sensitivity, and specificity, respectively. For the differentiation of benign and malignant LNs, the contrast-enhanced US technique can be used. This method was found by Dudau et al 19 to be useful for LN classification after they obtained sensitivity and specificity of 100% and 85.7%, respectively. Also, a sensitivity of 100% and specificity of 99.5% were achieved by Rubaltelli et al 29 via this approach. In some studies, the best performance resulted from combined features from various groups. Similarly, a better result of 0.892 for the AUC was obtained by Zhang et al, 17 who used the combined textural and morphologic features from US images for LN classification compared with the application of textural features alone (AUC, 0.827). Nevertheless, no additional values were obtained for the performance of morphologic features in the study conducted by Acu et al. 27 In this investigation, the differentiation between the tumor-free (benign) and metastatic (malignant) LNs was analyzed by the combined textural and radiologic features. Consequently, a good classification was presented by these features, which yielded the AUCs of 0.994 and 0.952 for training and testing the model, respectively. Accordingly, FNA can be avoided in almost 96% of patients with uncertain benign or malignant LNs if this model is used for their diagnoses. In comparison with all of the other studies that have used elastographic, morphologic, and textural features, or contrast-enhanced US alone or in combination with any other techniques, we can achieve higher accuracy in the classification of tumor-free and metastatic cervical LNs. One of the most important reasons for such a difference is the use of wavelet features. All texture analysis studies have been predominantly focused on co-occurrence matrix features. [16] [17] [18] However, this study provided additional information on the wavelet-based texture features, which play an essential role in the distinction of metastatic and tumor-free cervical LNs. Since they provide some information in both the spatial and frequency domains, wavelets prove to be advantageous to any other groups of textural features. In this study, we confirmed the significance of radiologic and textural features in the distinction of tumor-free from metastatic cervical LNs. In other studies, no significant correlations of the resistive index and vascularization index with LN metastasis have been discovered based on Doppler US. 15, 30 In addition, higher accuracy was achieved by Acu et al 27 using combined B-mode and Doppler US compared with elastography, which provided no additional information in this regard. Still, further research in this field is required, although Doppler and elastography are being applied in many centers nowadays.
Since the physician-referred cases were based on clinical indications, other characteristic node features were thus disregarded in our study. This method can contribute to radiologists' identification of subtle changes to LNs and selection of patients with a high risk of malignancy for biopsy.
It is noteworthy that we have previously shown a wavelet-based texture analysis to be a useful tool for providing overall accuracy of 100% in the differentiation of benign and malignant thyroid nodules using US imaging. 24 Moreover, wavelet-based texture features have proven to have a high capability for LN classification. Generally, computer-aided diagnosis can help radiologists distinguish between the target metastatic and tumorfree LNs, as improved overall accuracy of 0.865 to 0.900 in AUC values has already been already reported. 28 In many cases, our model can improve the overall accuracy of the radiologist. As shown in Figure 5 , a metastatic LN with hypoechogenicity, a well-defined, round shape but without calcification was diagnosed incorrectly by the radiologist. However, our model could correctly diagnose this LN. The main advantage of the proposed method is that no additional time or cost is needed in the diagnosis process.
Nonetheless, several limitations were encountered in this investigation. First, no diagnostic tests from radiologists were implemented in this regard, and a comparison was made only between the results of the analysis and the pathologic results. Therefore, further research is required to assess radiologists' performances by comparing their diagnostic findings with these results. Second, a comparison was made between the US classification and the results of FNA biopsy, which cannot be as definitive as surgical biopsy, although it is highly sensitive for malignancy diagnosis. Third, a small number of images (280 in total) were applied to train the study model, which cannot be suitably applied to a large-scale analysis of data.
In conclusion, a clinical decision support approach to the assessment of metastatic LNs on 2-dimensional US images was proposed on the basis of textural and radiologic features. The preliminary results are indicative of the usefulness of the combined textural and radiologic features on conventional US imaging for characterizing LNs in daily clinical practice.
